Macroautophagy (or autophagy) is a conserved degradative pathway that has been implicated in a number of biological processes, including organismal aging, innate immunity, and the progression of human cancers. This pathway was initially identified as a cellular response to nutrient deprivation and is essential for cell survival during these periods of starvation. Autophagy is highly regulated and is under the control of a number of signaling pathways, including the Tor pathway, that coordinate cell growth with nutrient availability. These pathways appear to target a complex of proteins that contains the Atg1 protein kinase. The data here show that autophagy in Saccharomyces cerevisiae is also controlled by the cAMP-dependent protein kinase (PKA) pathway. Elevated levels of PKA activity inhibited autophagy and inactivation of the PKA pathway was sufficient to induce a robust autophagy response. We show that in addition to Atg1, PKA directly phosphorylates Atg13, a conserved regulator of Atg1 kinase activity. This phosphorylation regulates Atg13 localization to the preautophagosomal structure, the nucleation site from which autophagy pathway transport intermediates are formed. Atg13 is also phosphorylated in a Tor-dependent manner, but these modifications appear to occur at positions distinct from the PKA phosphorylation sites identified here. In all, our data indicate that the PKA and Tor pathways function independently to control autophagy in S. cerevisiae, and that the Atg1/Atg13 kinase complex is a key site of signal integration within this degradative pathway.
M
acroautophagy (hereafter autophagy) is a highlyconserved membrane trafficking pathway that is responsible for the turnover of bulk cytoplasmic protein and organelles (1, 2) . This pathway was initially identified as a cellular response to nutrient deprivation (3, 4) . However, recent studies indicate that autophagy is involved in a wide variety of physiological processes, including tissue remodeling during development, the removal of protein aggregates, and innate immune responses (5, 6) . During autophagy, an isolation membrane emanates from a nucleation site that is known as the preautophagosomal structure (PAS) in Saccharomyces cerevisiae and the phagophore assembly site in mammals (7, 8) . This double membrane encapsulates nearby cytoplasm and ultimately targets it to the vacuole/ lysosome for degradation. The breakdown products are then recycled to allow for the synthesis of the macromolecules needed for survival during the period of starvation (9) . The cellular components mediating autophagy were initially described in S. cerevisiae, and orthologs of many of these Atg proteins have since been identified in other eukaryotes (10, 11) .
The flux through the autophagy pathway is tightly controlled by multiple signaling pathways, including the Tor pathway, that are responsible for coordinating cell growth with nutrient availability. One of the key targets of this control appears to be a complex of proteins that contains the Atg1 protein kinase (12) (13) (14) (15) . Atg1 is specifically recruited to the PAS, and activated, in response to conditions that induce autophagy (7, 16) . In contrast, most Atg proteins are constitutively localized to this nucleation structure (17) . Recent work suggests that the mammalian Atg1 proteins, ULK1 and ULK2, are also recruited to the phagophore assembly site, and activated, upon nutrient deprivation (18, 19) . A key question that remains is how do these signaling pathways work together through Atg1 to ensure the appropriate autophagic response.
In S. cerevisiae, the cAMP-dependent protein kinase (PKA) signaling pathway has also been implicated in the control of autophagy (13, 20) . However, the precise nature of this control, and how it is integrated with that of the Tor pathway, is still somewhat controversial (13, 21) . In this report, we show that the PKA pathway is critical for the appropriate control of autophagy in S. cerevisiae. Inhibition of PKA signaling is sufficient to induce robust autophagy activity, and this control appears to occur independently, or in parallel to, that exerted by the Tor pathway. For example, both of these pathways target Atg13, a key regulator of Atg1 protein kinase activity, but appear to affect distinct sets of phosphorylation sites on this protein. In all, the data here indicate that both the PKA and Tor pathways are important, but independent, regulators of autophagy, and that the Atg1 protein kinase complex is a key site of signal integration within this pathway.
Results
Inactivation of the PKA Pathway Is Sufficient to Induce Autophagy.
Elevated levels of PKA activity have been shown to inhibit the autophagy process (13) . Here, we tested whether the inactivation of this signaling pathway was also sufficient to induce autophagy. To shutdown PKA signaling, we used an inducible form of a dominant negative allele of RAS2, known as RAS2 ala22 (22) . In S. cerevisiae, the Ras proteins, Ras1 and Ras2, regulate cAMP production, and thus PKA activity, by directly stimulating adenylyl cyclase (23, 24) . The RAS2 ala22 allele used here was under the control of the promoter from the MET3 gene, a locus that is repressed when methionine is in the growth medium (25) . We found that autophagy was efficiently induced upon expression of the RAS2 ala22 protein and that the kinetics of induction were similar to that observed with rapamycin treatment (Fig. 1A) . Moreover, this RAS2 ala22 -mediated induction was dependent upon the presence of Atg1 (Fig. 1B) . To directly compare the effects of inhibiting the Tor and PKA pathways, we used a concentration of rapamycin that produced a growth arrest similar to that observed in the MET3-RAS2 ala22 strain. [Note that rapamycin specifically inhibits the TORC1 complex and that we will be referring to this complex when we discuss Tor signaling in this report (26) .] Therefore, a decrease in PKA function that was sufficient to arrest S. cerevisiae growth resulted in a concomitant increase in autophagy activity. These results are consistent with a previous study that used a galactose-inducible form of this RAS2 ala22 allele (13) . The second method to inactivate PKA activity made use of an ''analog-sensitive'' version of this enzyme. This approach for inactivating protein kinases was pioneered by Kevan Shokat and his colleagues, and involves altering a specific residue within the kinase active site (27, 28) . Particular substitutions at this ''gatekeeper'' position render these enzymes sensitive to membranesoluble inhibitors, like 1NM-PP1 (29) . Here, we used a yeast strain that has an ''analog-sensitive'' allele of TPK1, tpk1-as, as the sole source of PKA activity (27, 28) . S. cerevisiae has three functionally redundant PKA catalytic subunits that are encoded by the TPK1-3 genes (30). The tpk1-as strain used here, generously provided by Dr. James Broach, lacks TPK2 and TPK3, and contains an allele of TPK1, tpk1-M164G, that is sensitive to the drug, 1NM-PP1. Interestingly, we found that 1NM-PP1 concentrations that inhibited cell growth in the tpk1-as strain also resulted in a robust induction of the autophagy pathway ( Fig. 1 C-E and Figs. S1 and S2). For these experiments, autophagy activity was assessed with three different assays that are described in the Materials and Methods. Therefore, the inhibition of PKA signaling by two different means resulted in an induction of autophagy activity similar to that observed upon inactivation of the Tor pathway. These results are significant because they contradict a recent study that suggested that the loss of PKA activity was not sufficient to induce autophagy (21) . This latter study also used a yeast strain that contained analog-sensitive versions of PKA; this strain is in the same genetic background as the tpk1-as strain used here. However, this previous study used a 1NM-PP1 concentration of only 0.1 M, a concentration that did not have a significant effect upon the growth rate of the tpk1-as strain (Fig. 1C ). Therefore, the low level of autophagy observed was likely due to residual PKA activity remaining in the analog-sensitive cells. In all, our data here indicate that the inactivation of the PKA pathway is sufficient to induce autophagy activity in S. cerevisiae cells.
Atg13 Is a Substrate for PKA in Vitro and in Vivo. The Atg13 protein physically interacts with Atg1 and is required for full Atg1 protein kinase activity in vitro (14, (31) (32) (33) (34) (35) . Although the mechanistic basis of this activation is not yet understood, the Atg1-Atg13 interaction in S. cerevisiae appears to be regulated by Tor signaling activity. A recent study also identified Atg13 as a candidate substrate for PKA in this budding yeast (20) . This identification was based on the presence of evolutionarilyconserved matches in Atg13 to the PKA consensus phosphorylation site. Two sites were very similar to the consensus of R-R-x-S/T-B, where x refers to any amino acid and B to a hydrophobic residue (Sites 2 and 3; Fig. 2A ) (36) . A third conserved site that deviates more from the consensus was also identified (Site 1). We found that each of these sites was phosphorylated by PKA in vitro, and alteration of all three sites resulted in a greater than 95% decrease in Atg13 phosphorylation (Atg13-AAA; Fig. 2 B and C and Fig. S3 ). Similar results were observed in vivo with an assay that makes use of an antibody that specifically recognizes phosphorylated PKA sites ( Fig. 2D ) (37, 38) . For these experiments, Atg13 was precipitated from cell extracts and the level of PKA phosphorylation was assessed by Western blotting with this ␣-substrate antibody. This Atg13 signal was lost upon phosphatase treatment, and was restored by a subsequent incubation with PKA and ATP (Fig. 2D ). In addition, this in vivo signal was elevated in cells that possessed elevated levels of PKA activity (Fig. 2E) . Finally, Atg13 recognition by this ␣-substrate antibody was lost following the inactivation of PKA activity (Fig. 2F) . In all, these data indicated that Atg13 was a direct substrate for PKA in S. cerevisiae.
The Loss of PKA Phosphorylation on Atg13 Was Correlated with the
Induction of Autophagy. Atg13 has been shown to be required for Atg1 kinase activity in vitro (14) . Here, we tested whether this protein was also required for Atg1 activity in vivo by taking advantage of a previous observation concerning the mobility of this protein in SDS-polyacrylamide gels (14, 20) . In particular, autophosphorylation was found to retard the mobility of Atg1 in these gels, and the presence of this slower-migrating band can serve as an indicator of Atg1 kinase activity in vivo (Fig. 3A) . We found that the proportion of Atg1 in the slower migrating form increased upon rapamycin treatment (Fig. 3A) . This activation of Atg1 did not occur in cells that lacked either Atg13 or Atg17; these mutants were the only atg strains tested that exhibited a significant defect in this Atg1 autophosphorylation. Therefore, Atg13 was required in vivo for Atg1 protein kinase activity.
We used the tpk1-as strain described above to examine the temporal relationship between the PKA phosphorylation of Atg13, and the induction of both Atg1 kinase activity and autophagy. We found that the PKA-dependent phosphorylation of Atg13 was largely gone after 30 min of treatment with the drug, 1NM-PP1 (Fig. 3B) . The first signs of Atg1 kinase activity were apparent at this time, but the fraction of Atg1 in the slower-migrating form continued to increase at later time points (Fig. 3B) . Autophagy activity was found to increase in a similar manner (Fig. 3C) . Finally, we found that this inactivation of the PKA pathway also resulted in the re-localization of Atg1 from the cytoplasm to the PAS (Fig. 3D) . These data therefore indicated that the loss of Atg13 phosphorylation preceded the activation of Atg1 and the induction of the autophagy pathway.
PKA Phosphorylation Regulates the Association of Atg13 with the PAS.
As observed previously, we found that Atg13 was largely cytoplasmic in growing cells and was associated with the PAS upon nutrient limitation (Fig. 4A ). Here, we tested whether this localization to the PAS was regulated by PKA phosphorylation. A clear precedent exists as PKA phosphorylation has been shown to inhibit the PAS association of Atg1 (20) . We found that the Atg13-AAA variant was localized to the PAS in both growing and nitrogen-starved cells (Fig. 4A and Fig. S4) . Moreover, the association of the wild-type Atg13 (Atg13-SSS) with the PAS was inhibited by the presence of the RAS2 val19 allele that results in constitutively-elevated levels of PKA activity (39) . This inhibition was dependent upon the PKA sites as the Atg13-AAA protein was still constitutively localized to the PAS in RAS2 val19 cells (Fig. 4A and Fig. S4 ). Finally, we found that the wild-type Atg13 protein was recruited to the PAS following the inactivation of the Ras/PKA pathway (Fig. 4B) . These data are therefore consistent with PKA phosphorylation regulating the association of Atg13 with the PAS.
Previous studies have shown that Atg13 interacts with a number of proteins, most notably Atg1 and Atg17 (40) (41) (42) . Since Atg17 has been suggested to play a role in organizing the PAS, we tested whether the PAS association of Atg13-AAA was dependent upon the presence of Atg17 (43) (44) (45) . Indeed, we found that the Atg13-AAA variant was less efficiently targeted to the PAS in cells lacking Atg17 (Fig. 4 C and D) . In addition, Atg13-AAA exhibited a stronger interaction with Atg17 than the wild-type Atg13 protein and this interaction was no longer influenced by rapamycin treatment (Fig. 4E) (41) . Instead, Atg13-AAA appeared to be constitutively associated with Atg17. In contrast, alteration of the PKA sites did not significantly influence the Atg1-Atg13 interaction (Fig. S5A) . Finally, Atg17 was found to be associated with the PAS in both growing and nitrogen-starved cells, and this localization was not inhibited by the presence of RAS2 val19 (Fig. S5B) (40, 45) . Therefore, PKA was apparently regulating the PAS association of Atg13, at least in part, by interfering with its interaction with Atg17.
The PKA and Tor Pathways Independently Target the Atg13 Protein.
The simultaneous inactivation of both the PKA and Tor pathways produced a more rapid and greater induction of autophagy than was observed with the loss of either pathway alone (Figs. 1 A  and 5A ). This result is consistent with these pathways working independently of each other to control autophagy. To examine this possibility, we tested how shutting down one of these pathways would influence the activity of the other. For these experiments, we used the PKA-and Tor-dependent phosphorylations of Atg13 as reporters for the activity of the respective signaling pathways. We found that the in vivo level of Atg13 phosphorylation by PKA was not diminished upon rapamycin treatment (Fig. 5B) . In addition, the inactivation of the Ras/PKA pathway did not result in a loss of the Tor-dependent phosphorylation present on Atg13 (Fig. 5C ). This latter phosphorylation causes Atg13 to run as a broad smear on SDS-polyacrylamide gels. This smear rapidly collapses into a tight, faster-migrating band upon rapamycin treatment (Fig. 5C) (14, 46) . Finally, the in vitro phosphorylation of Atg13 by PKA did not alter the mobility of this protein in SDS-polyacrylamide gels (see Fig. 2 ). Therefore, although the precise locations of the Tor-dependent phosphorylation sites on Atg13 have yet to be identified, these positions appear to be distinct from the PKA sites described here. In all, these data are consistent with the Tor and PKA pathways working independently to control autophagy.
Discussion
Autophagy is a nonspecific degradative process that must be tightly controlled to prevent the inappropriate turnover of material needed for cell growth. The work here adds to our current understanding of this process by demonstrating that the Ras/PKA pathway is an important regulator of autophagy in S. cerevisiae. Inactivation of this signaling pathway by two different methods was sufficient for a robust induction of autophagy activity. This control appears to be exerted through the Atg1 complex as both Atg1 itself and Atg13, a key regulator of this kinase, were shown to be direct substrates for PKA (20) (Fig. 2) . For both proteins, this phosphorylation appears to regulate the association with the PAS. Interestingly, the data here indicate that this control by PKA is independent of that exerted by the Tor pathway. For example, although both pathways regulate Atg13 phosphorylation, each appears to control a distinct set of phosphorylation events. In all, this report suggests that the Atg1/Atg13 complex serves as an important point of signal integration within the autophagy pathway. The relevance of this complex as a regulatory control point may be evolutionarily conserved as both Atg1 and Atg13 have been found to be targets for the Tor pathway in other eukaryotes (32, 33, 35, 47) .
The autophagy pathway in S. cerevisiae therefore appears to be under the control of at least two independent regulatory inputs. A model that attempts to summarize our current understanding of this regulation is presented in Fig. 5D . In this model, PKA activity specifically inhibits the PAS association of both Atg1 and Atg13. In contrast, the Tor pathway appears to influence both this localization and the Atg1-Atg13 interaction that is necessary for the activation of Atg1 kinase activity (14) . Therefore, inactivation of the Tor pathway would result in the formation of an active Atg1-Atg13 complex at the PAS and the ensuing induction of autophagy (1) . Upon the loss of PKA activity, however, it is less clear how the Atg1 enzyme is activated. One possibility is that the increased local concentrations of Atg1 and Atg13 at the PAS are sufficient to override the inhibitory effects of Tor activity on the Atg1-Atg13 interaction. Alternatively, Atg13 could be selectively dephosphorylated at the PAS. Although further experimentation is needed to distinguish between these possibilities, the work here shows that the loss of PKA signaling results in increased Atg1 activity and the induction of autophagy. An additional question that arises is why more than one signaling pathway might be needed for the regulation of autophagy. An interesting possibility is that these pathways are responding to distinct nutritional cues and that different types of starvations might elicit distinct autophagy responses in the cell (48) . The existence of these multiple inputs would therefore provide the cell with greater flexibility in its response to changing environmental conditions. Determining how these pathways influence this degradative process, and how these signaling activities are coordinated, are therefore important questions for future work.
Materials and Methods
Additional methods, including a description of growth conditions and plasmid construction, are included in SI Text. ). This latter strain was generated by integration of a previously described plasmid, PTN9, into Y3175 (49) . Strains carrying the MET3-RAS2 val19 or MET3-RAS2 ala22 alleles were grown in medium containing 500 M methionine to keep the MET3 promoter in its repressed state. Expression from the MET3 promoter was induced by transferring cells to a medium that lacked methionine. Expression from the CUP1 promoter was induced by the addition of 100 M CuSO4 to the growth medium. The drug, 1NM-PP1, was generously provided by Kevan Shokat.
Yeast Strain Construction and Growth
Western Blotting and Immunoprecipitations. Protein extracts for Western blotting were prepared by a glass bead lysis protocol described previously (13) . The resulting protein extracts were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Hybond ECL, Amersham Biosciences) at 4°C. The membranes were probed with the appropriate primary and secondary antibodies and the Supersignal chemiluminescent substrate (Pierce) was used to illuminate the reactive bands. The immunoprecipitation experiments were performed as described (37, 38) .
Autophagy Assays. The alkaline phosphatase (ALP) assay for autophagy activity was performed as described (13, 49) . This assay measures the delivery and subsequent activation of an altered form of the Pho8 phosphatase by the autophagy pathway. Two additional assays assessed the processing of aminopeptidase I (Ape1) and the accumulation of autophagic bodies, and are discussed in SI Text.
PKA Phosphorylation Assays.
In general, the in vitro phosphorylation assays were performed with HA epitope-tagged proteins that were under the control of the yeast CUP1 promoter in the yeast strain, PHY1942. The strains were grown to mid-log phase in selective SC minimal medium containing 2% glucose, and induced with 100 M copper sulfate for 90 mins. The HA epitope-tagged Atg13 variants were isolated on an ␣-HA antibody resin (Roche), and incubated with [␥-32 P] ATP (PerkinElmer) and 5 U bovine PKA catalytic subunit (Sigma), as described previously (20, 38) . A Western immunoblot control was performed with an ␣-HA antibody (Sigma) to assess the relative amount of Atg13 present in each sample.
The in vivo level of PKA phosphorylation was assessed with an ␣-PKA substrate antibody (Cell Signaling) as described (37, 38) . Briefly, the substrate proteins were immunoprecipitated from yeast cell extracts, separated on SDS-polyacrylamide gels and the relative level of occupancy at the PKA sites was assessed by Western blotting with the ␣-PKA substrate antibody used at a concentration of 1:2,000.
Fluorescence Microscopy. The CFP-Atg11, YFP-Atg13, and YFP-Atg17 fusions were under the control of the inducible promoter from the yeast CUP1 gene. Expression of these fusion proteins was induced by the addition of 100 M CuSO 4 for 1 h at 30°C. The samples were imaged as described (20) .
